The name 'ferrochelatase' has been given to the enzyme system that catalyses the insertion of Fe2+ ions into protoporphyrin to form protohaem (Rimington, 1958) . The state of reduction of the porphyrin substrate of ferrochelatase is uncertain. Although haem was formed in the presence of protoporphyrinogen (Nishida & Labbe, 1959) , prior oxidation to protoporphyrin may have occurred. Nishida & Labbe also demonstrated an initial lag phase in ferrochelatase activity which was abolished by preincubation of protoporphyrin with their enzyme preparation in the absence of Fe2+ ions. This suggested that protoporphyrin might be converted into an active intermediate, perhaps a reduced form. Such a suggestion was attractive because of the established importance of porphyrinogens in haem biosynthesis. That metal ions can be incorporated into reduced porphyrins has been demonstrated in non-enzymic studies by Orlando (1958) and Heikel, Lockwood & Rimington (1958) , and molecular configurations that facilitate such an incorporation of metal ions into reduced porphyrins have been proposed (Orlando, 1958; Lemberg, 1961; Phillips, 1961) .
In the present paper we describe a rapid assay for ferrochelatase activity depending on the formation of pyridine haemochromogen from the synthesized haem. A soluble ferrochelatase system, extracted from pig-liver mitochondria, has been studied and the reduction state of the porphyrin substrate investigated.
EXPERIMENTAL Materials
Hydrochloric acid solutions. Concentrations of aqueous HC1 solutions are given as % (w/v) to conform with the convention in this field.
Emasol 4130. Emasol 4130 (polyoxyethylenesorbitan mono-oleate) was a gift from the Kao Soap Co., Tokyo, Japan.
Ether. Analytical grade reagent was washed with water until it was free of peroxides (cf. Weissberger, Proskauer, Riddick & Toops, 1955 Morell & Stewart (1956) . The protoporphyrin was extracted at pH 4 into ether, washed well with water and with 0-36% HCI, and then extracted into 10% HCI. The protoporphyrin was re-extracted at pH 4 into ether, washed with 0-36% HCl and then with water till free of acid. The protoporphyrin was then extracted into aq. 0-5N-NH3 and the pH and concentration were adjusted as for mesoporphyrin IX. Mesoporphyrinogen IX and protoporphyrinogen IX. These were prepared by the reduction with sodium amalgam of mesoporphyrin IX and protoporphyrin IX (Sano & Granick, 1961) respectively. The porphyrins were dissolved in aq. 0-5N-NH3 and subsequent manipulations were performed in the dark under N2 to prevent photo-oxidation. The porphyrinogen solutions were adjusted to pH 7-8 and diluted with water to a concentration of 100,um-moles/ml.
Haemoglobin. This was prepared from human blood by the method of Drabkin (1949) Reactions were stopped by opening the Thunberg tube and adding 1-0 ml. of pyridine, then 0-5 ml. of N-NaOH and 1-0 ml. of water. The mixture was divided equally between two cuvettes and 2 mg. of solid Na2S204 was added to one cuvette and 0 05 ml. of 3 mM-K3Fe(CN)6 to the other. The difference spectrum of the reduced and oxidized pyridine haemochromogen was recorded with a Bausch and Lomb Spectronic 505 recording spectrophotometer. Haem was calculated from the equation:
Haem (,um-moles) = AE where v is the volume (ml.) of alkaline pyridine solution and AE represents the difference in extinction between the maximum of the oc-band and the minimum occurring between the x-and fl-bands. The values used for AemM were as follows: for pyridine protohaemochromogen, 5 _-m541 = 20-7; for pyridine mesohaemochromogen, E547 _c531 =217 6mM5wfM = 21-7 (Porra & Jones, 1963) .
Assay of ["9Fe] protohaem. To the mixture to be analysed (see Table 2 ) was added a large excess of carrier haem in the form of 20 ml. of chicken blood (containing 115 umoles of haem), and the haemin was extracted and crystallized by the method of Labbe & Nishida (1957) . Recrystallization did not alter the specific activity significantly. Approx. 
RESULTS

Properties offerrochelatase in pig-liver extract
Protoporphyrin was used as substrate in several of the following experiments so that comparisons could be made with the results of other workers. Mesoporphyrin was a more convenient substrate since it is more readily converted into haem (Porra & Jones, 1963) and also more soluble and more stable than protoporphyrin.
Mesohaem formation was found to increase linearly with time up to at least 40 min., but did not increase linearly with enzyme concentration (Fig. 1) , for which no satisfactory explanation can yet be given. No mesohaem formation was observed with boiled extracts.
Effect of oxygen on haem formation. Nishida & Labbe (1959) reported a lag in the reaction when they incubated ferrochelatase with protoporphyrin under a stream of nitrogen. A similar lag phase was observed by us when mesoporphyrin was incubated with a pig-liver extract under a stream of oxygen-free nitrogen without any prior deoxygenation of the incubation mixture, but not when it was incubated in vacuo (Fig. 2) flushing with nitrogen commenced 30 min. before the addition of ferrous sulphate and GSH (Fig. 2) .
Reduced porphyrins as substrates. No stimulation of protohaem formation was observed (Table 2) when the soluble enzyme extract was preincubated with protoporphyrin in vacuo with GSH as reductant (cf. Nishida & Labbe, 1959) . Further, when the extract (2-0 ml.) was incubated in vacuo for 20 min. with protoporphyrin and GSH in the absence of Fe2+ ions but under conditions other- (Table 3) . The protohaem formation observed may have resulted from the conversion of non-reduced protoporphyrin, since the complete reduction of the porphyrin to porphyrinogen was difficult without concurrent reduction of the vinyl groups. For this reason mesoporphyrinogen was also tested but found to be inactive.
Effect of reduced glutathione on ferrochelatase activity. Labbe & Hubbard (1960) (Table 4) .
Valency of iron in ferrochelatase reaction. The results in Table 5 demonstrate that Fe2+ ions, but not Fe3+ ions, are used by ferrochelatase. It is possible therefore that the stimulation of ferrochelatase activity by GSH observed by Labbe & Hubbard (1960) was due not to the protection of essential sulphydryl groups of the enzyme but rather to the ability of GSH to maintain iron in the ferrous form under conditions that are not strictly anaerobic.
Effect of pH on ferrochelatase activity. The pHactivity curve for mesohaem formation (Fig. 3a) , shows a peak at pH 7-8 and a shoulder at pH 9 0, whereas that for protohaem formation (Fig. 3b ) reveals two peaks, one at pH 7-9 and one at pH 8-9. To eliminate the possibility that the increased activity at pH 9-0 might be due to the effect of high pH on porphyrin solubility, all incubations were performed in the presence of 1 % (w/v) Emasol 4130. This detergent ensures the complete solubility of the porphyrin at both pH 7-9 and pH 9 0 (Porra & Jones, 1963) . Nonenzymic haem formation did not occur with mesoor proto-porphyrin at pH 7-8 and pH 9 0 under conditions otherwise identical with those described in Fig. 3. 59Fe exchange reaction. Pig-liver extract (1-0 ml.) was incubated at pH 7*8 in vacuo at 370 for 1 hr. Mesoporphyrin incubated with pig-liver extract (l-0 ml.) for 20 min.; (b) protoporphyrin incubated with pig-liver extract (2-0 ml.) for 40 min. Solutions were buffered in the ranges pH 6-0-7-8 with potassium phosphate buffer, pH 7-8-8-6 with tris-HCI buffer and pH 8-6-l0-0 with glycine-NaOH buffer. The final concentration of all the buffers (see Gomori, 1955) was 0-05M.
DISCUSSION
Previous assays of enzymic haem formation have involved the measurement of porphyrin disappearance or of newly synthesized [59Fe]haem (Oyama, Sugita, Yoneyama & Yoshikaya, 1961; . Since the pyridine haemochromogen assay allows the haem that is formed to be identified it is useful in the study of the porphyrin specificity of ferrochelatase (Oyama et al. 1961) . Quantitative determination of the synthesized haem from a difference spectrum of the reduced and oxidized forms eliminates the necessity to isolate the haem from the unconverted porphyrin. Details of several such pyridine haemochromogen difference spectra are presented by Porra & Jones (1963) .
The total inhibition by air of ferrochelatase activity in soluble extracts is interesting since there are many examples of aerobic haem synthesis in avian erythrocytes, crude haemolysates and liver homogenates. It is possible that secondary oxidative processes in these crude preparations may maintain anaerobic conditions at the site of iron insertion. The report of the abolition of the lag phase when ferrochelatase was preincubated with protoporphyrin (Nishida & Labbe, 1959) or GSH (Labbe & Hubbard, 1960) , which we were unable to demonstrate in vacuo, may, like the lag phase itself, be due to the time necessary for the stream of nitrogen to remove all the oxygen from the incubation flask.
Uroporphyrinogen III (Neve, Labbe & Aldrich, 1956 ) and coproporphyrinogen III Sano & Granick, 1961; Porra & Falk, 1961) , but not the corresponding porphyrins (Dresel & Falk, 1956) , are known to be intermediates in the biosynthesis of haem. Porra & Falk (1961) and Porra (1962) have shown that a reduced form of protoporphyrin, probably protoporphyrinogen, was formed during the enzymic conversion of coproporphyrinogen III into protoporphyrin IX. The inability of ferrochelatase to utilize porphyrinogens suggests that this is the first reaction in haem biosynthesis to use a porphyrin as substrate. Evidence has been presented (Sano & Granick, 1961) that liver mitochondria contain a protoporphyrinogen oxidase.
Between pH 7-8 and 9-0 the carboxylic acid groups of meso-and proto-porphyrin are completely ionized, whereas the pyrrole nitrogen atoms remain completely un-ionized (Phillips, 1960) . It seems unlikely therefore that the asymmetric shapes of the pH curves can be due to the ionization behaviour of the porphyrins; they could be explained, however, by the existence of two enzymes differing in pH optima with overlapping specificity. Evidence for the existence of more than one type of ferrochelatase has been found during a comparison of extracts from different sources (Porra & Jones, 1963) . SUMMARY 1. A rapid and versatile assay for ferrochelatase has been described which involves the measurement of pyridine haemochromogen spectra.
2. A ferrochelatase extract from pig liver was most active when incubated in vacuo: activity was completely inhibited by aerobic conditions.
3. Ferrochelatase inserted Fe2+ ions, but not Fe3+ ions, into mesoporphyrin.
4. GSH stimulated activity only when iron was added in the ferric form.
5. Meso-and proto-porphyrins were substrates for ferrochelatase but the corresponding porphyrinogens did not appear to be used. No accumulation of reduced porphyrin intermediates could be detected.
6. The pig-liver extract will not catalyse the exchange of Fe2+ ions with haemoglobin but the reversibility of haem formation from protoporphyrin has been demonstrated.
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